Abstract: A hybrid ground source heat pump (HGSHP) has been recommended as a low cost alternative of a ground source heat pump (GSHP) which has higher initial costs with increasing the size of ground heat exchanger (GHX) for imbalanced load conditions. HGSHP systems incorporate both GHX and supplemental equipments, such as cooling towers and/or boilers. The main issues of HGSHP are the optimal size design and control strategies of supplemental equipments. The objective of this paper is to optimize the size and control strategies using an optimization methodology called as the response surface method (RSM) to decrease the system's total initial cost (IC) and/or life cycle cost (LCC) and/or annual energy use (AEU) of HGSHP systems. The simulation data used in this research was originated from Yavutzurk et al. and integrated with the RSM. Commercial software, which is Minitab 15, has been adopted to draw contour plots, surface plots and overlaid contour. With using response optimizer, the optimal size design and control strategies of supplemental equipments were determined individually and the results were compared with the results of Yavutzurk et al. The optimal size and control strategies have been successfully determined using the optimization tool of the RSM.
Introduction
The remarkable advantage of a ground source heat pump (GSHP) is its energy saving potential. The GSHP can save up to 50% of the energy that would be used by conventional systems [1] . The prominent disadvantage of GSHP is higher initial costs which make shortterm economics unattractive, although long-term economics is attractive because of lower operating costs caused by higher system performance. Furthermore, for imbalanced load conditions, it is inevitable to increase the size of ground heat exchanger (GHX) or the distance between adjacent GHX boreholes to postpone heat buildup caused by the difference between cooling and heating. A hybrid ground source heat pump (HGSHP) has been recommended as a low cost alternative of GSHP, which can reduce GHX size and give more efficient operation. The HGSHP can effectively balance the ground thermal loads by incorporating supplemental equipments, such as cooling towers and/or boilers into the GSHP system. The design and operation of HGSHP are more complex than GSHP. Fig. 1 shows the schematic diagram of HGSHP system comprising serial and parallel arrangement of GHX and supplement equipment such as cooling tower and/or boiler. In this paper, the comparison between serial and parallel arrangement would not be conducted.
ASHRAE [2] sizes the supplemental heat rejecter capacity based on the difference between monthly average heating and cooling loads of the building rather than the peak loads. General guidelines for the integration of the heat rejecter into the system piping were presented. Kavanaugh and Rafferty [3] discuss HGSHP systems within the framework of GHX design alternatives. The sizing of the supplemental heat rejecter is based on the peak block load at the design condition. The nominal capacity is calculated based on the difference between the GHX length required for cooling and heating. Kavanaugh [4] revises and extends the existing design procedures as recommended in the above two publications. In addition, a control method is proposed for balancing the cooling and heating loads on the ground heat exchanger to limit long-term temperature rise. The revised procedure is applied to an office building in three climates, and initial cost and operating cost issues are discussed. Yavutzurk and Spitler [5] present a comparative study investigating several control strategies for HGSHP systems. The strategies investigated include set point control (operating the supplemental rejecter whenever the heat pump entering or exiting fluid temperature exceeds a set temperature, differential temperature control (operating the supplemental rejecter whenever the difference between heat pump fluid temperature and ambient air temperature exceeds set value), and operation of the supplemental rejecter to remove heat from the GHX field during nighttime hours. A 20-year life-cycle cost (LCC) analysis is conducted to compare each control strategy. Singh and Foster [6] explored first-cost savings resulting from HGSHP designs in two building-an office building and an elementary school. Ramamoorthy et al. [7] reported on a similar study that used a cooling pond as a supplemental heat rejecter. Using a differential temperature control strategy, a limited optimization of GHX size and pond size was performed. Chiasson and Yavutzurk [8] used the same system simulation approach to identify scenarios where the HGSHP system with a supplemental heat source is beneficial, in particular schools in heating-dominated climates, where the school was not operated during the summer. The supplemental heat sources investigated were solar thermal collectors and the approach was shown to be economically feasible.
Therefore, the main issues of HGSHP are the optimal size design and control strategies of supplemental equipments to minimize total initial cost or life-cycle cost or operating cost with satisfying designed range of entering or exiting fluid temperature to or from heat pump respectively which assures high performance of HGSHP. To size design of supplemental equipment depends on the size of GHX and its operating hours, and it means that smaller supplemental equipment should operate itself for longer hours. To size supplemental equipments and select its control strategies are coupled.
The objective of this paper is to optimize the size and control strategies using an optimization methodology called as the response surface method (RSM) to decrease the system's total initial cost (IC) and/or life cycle cost (LCC) and/or annual energy use (AEU) of HGSHP systems.
Optimization Method

Control Strategies
The strategies investigated include 3 kinds of control logics. Set point control (Control 1) means that the cooling tower is activated when the heat pump entering or exiting fluid temperature exceeds a set temperature such as 96.5F (35.8C). Differential temperature control (Control 2) means that the supplemental rejecter is operated whenever the difference between heat pump fluid temperature and ambient air temperature exceeds set value such as 3.6F (2.0C) and is turned off when the difference is less than 2.7F (1.5C). Cool storage control (Control 3) means that the cooling tower is operated during nighttime hours to remove heat from the GHX field. For more detailed information, it could be found out in Yavutzurk and Spitler [5] .
Simulated data used
This paper focused on the adoption of RSM as optimization method of HGSHP and so previously published data was used not to verify the building simulation results and to decide whether it is possible to solve this kind of optimization problem with RSM method or not. Used simulation data from TRNSYS simulation were originated from Yavutzurk and Spitler [5] of which building's total area is approximately 14,205 ft 2 (1320 m 2 ). A 20-year life-cycle cost (LCC) analysis is conducted to compare each control strategy. The detailed information about the annual building loads was skipped. The simulated data is summarized in Table 1 .
RSM method and Objective function
RSM is a kind of optimization methodology determining the range of main factors for optimizing responses and statistical approximation method for coupled design factors problem. Using minitab software, all RSM process can be conducted and several kinds of plots can be drawn. First of all, the definition of design factors and responses should be conducted. In this paper, determined design factors are ground heat exchanger length (GHXL) and control 
Results and Discussions
Response surface regression
Response surface regression was conducted using software of Minitab 15 as shown in Eq. 1. The regression curves were deducted in terms of 'GHXL' and 'CONTROL' comprising second order terms such as 'GHXL*GHXL' and 'CONTROL* CONTROL' and interaction term of 'GHXL* CONTROL' for the responses (Y) such as total initial cost, total present value costs and annual energy use. The regression coefficients are listed in Table 2 . The calculated R-Square values of total initial costs, total present value costs and annual energy use are 99.28%, 97.61%, 96.51% respectively.
Surface plots and Contour plots
As it is shown in Fig. 2 , Surface plots and Contour plots for 3 responses were drawn. Contour plot is two dimensional and Surface plot is three dimensional. With these plots, optimization direction could be obtained. To decrease total initial costs, total present value costs and annual energy use, GHXL size should be decreased which means increasing cooling tower size in all cases. As for the control strategies, in the case of total initial costs, control strategy should approach Control 3 which means cool storage control to minimize total initial costs, and in the case of total present value costs, control strategy should come close to the middle point between Control 2 which means differential control and Control 2.5 which means the mixed control of 50% Control 2 and 50% Control 3 for minimizing total present value costs. As we can see, the control strategy for annual energy use should approach Control 1.8 to minimize annual energy use. 
Overlaid contour
To draw overlaid contour, the ranges of 3 responses were determined as it is in Fig. 3 such as 15,000~18,000 ($) for total initial costs and 32,000~35,500 ($) for total present value costs and 18,500~19,900 (kWh) for annual energy use. In Fig. 3 , the bright region enclosed 3 pair of curves satisfies 3 conditions given and it means that the optimal values of factors and responses are within the bright region. For the purpose of determining optimum value of GHXL and Control to minimize individually each response, the response optimizer should be conducted.
Results from Response optimizer
In Fig. 4 the left figure presenting response optimizer result is for total initial costs and optimum value of GHXL and Control strategy are 2,345 ft (715 m), 3.0 respectively and minimum total initial cost is 16,040 $. The middle figure is for total present value costs and optimum value of GHXL and Control strategy are 2,345 ft (715 m), 2.2 respectively and minimum total present value cost is 31,890 $. The right figure is for annual energy use and optimum value of GHXL and Control strategy are 2,345 ft (715 m), 1.9 respectively and minimum annual energy use is 18,010 (kWh). The individual desirability and composite desirability were checked. These results are listed in Table 3 and compared with the previous results from Yavutzurk and Spitler [5] . With RSM, 17% decrease of total present value costs and 10% of annual energy use compared with Yavutzurk and Spitler [5] were obtained, though there was 7% increase of total initial costs.
Conclusions
The objective of this paper was to optimize the size and control strategies using an optimization methodology called as the response surface method (RSM) to decrease the system's total initial cost and/or life cycle cost and/or annual energy use of HGSHP systems. [5] .
Terms RSM Yavutzurk and Spitler [5] Difference (±%)
In this paper, determined design factors were ground heat exchanger length (GHXL) and control strategies with which supplemental equipment such as cooling tower is operated, and selected responses were the size of supplemental equipment, total initial costs, total present value costs and annual energy use. The objective function was defined as minimization of total initial costs and/or total present value costs and/or annual energy use. Using minitab software, all RSM process was conducted and response surface regression and several kinds of plots such as surface plots, contour plots and overlaid contour were drawn.
With RSM, 17% decrease of total present value costs and 10% of annual energy use compared with Yavutzurk and Spitler [5] were obtained, though there was 7% increase of total initial costs. The optimal size and control strategies have been successfully determined using the optimization tool of the RSM.
